Objective: The histological alteration of the exocrine pancreas in obesity has not been clarified. In the present study, we investigated biochemical and histological changes in the exocrine pancreas of obese model rats.
O besity is strongly associated with type 2 diabetes (T2DM), being a major risk factor for this disease. 1 Excess food energy is stored as triglyceride (TG) in adipose tissue, but chronic overnutrition above the storage capacity of adipose tissue causes TG to become deposited in the internal organs, leading to steatosis and organ dysfunction, 2 a condition referred to as metabolic syndrome (MS). Furthermore, accumulation of TG within cells, including pancreatic islets, is thought to be a significant determinant of peripheral insulin resistance and A-cell failure, resulting in the development of T2DM.
Previous studies have demonstrated deterioration of insulin secretion and reduction of A-cell mass in Zucker diabetic fatty (ZDF) rats, an animal model of T2DM. 3Y6 Other studies have reported a relationship between elevated levels of nonesterized fatty acids (NEFAs) and A-cell dysfunction. 7, 8 Similarly, it has been reported that infiltration of macrophages into islets, 9 increased oxidative stress, 10 and lipoapoptosis of A cells reduce the sensitivity of insulin secretion and lead to A-cell failure, leading to so-called ''lipotoxicity'' in the animal model of T2DM. 3 Also, in human patients with T2DM, several studies have demonstrated a decrease in both the mass and secretory function of insulinproducing A cells. 11Y13 These previous studies have yielded a comprehensive picture of the endocrine pancreas, particularly A cells, in obesity and T2DM.
Pancreatic lipomatosis is a condition characterized by infiltration of fat into and around the pancreas in human patients with T2DM, 14 and a number of investigations have focused on the interlobular pancreatic fat accumulation in animals fed a high-fat diet 15, 16 and the influence of diet on the exocrine secretion of pancreatic enzymes. 17Y19 Recently, 1 study of pancreatic injury in an animal model of hyperlipidemia using comparative proteomic analysis has suggested that >-amylase may be a putative biomarker of hyperlipidemia-mediated pancreatic injury. 20 However, much remains unclear about the histological changes associated with obesity, including fat accumulation, fibrosis, and functional changes in the exocrine pancreas.
The objective of the present study, therefore, was to evaluate the biochemical and histological changes in pancreatic tissue, particularly the exocrine glands, in obese and T2DM model rats, and also to clarify the long-term changes in obesity and T2DM associated with 1 more additional factor, intake of a chronic high-fat diet.
MATERIALS AND METHODS

Animals and Diets
Fifty-two male ZDF rats (Leprfa/Leprfa) and 24 male ZDF lean rats (Leprfa/+) were purchased from Charles River (Cambridge, Mass). The ZDF rat, having a deficiency of the leptin receptor gene, is a classic model of insulin resistance and T2DM with features resembling human MS. All animals were housed 2 per cage and maintained under a 12-hour light-dark cycle with free access to food and water. All ZDF lean rats were fed with a standard diet (10% of calories from fat, 70% from carbohydrate, 20% from protein) (the LS group), 24 ZDF (fa/fa) rats were also fed with the standard diet (the FS group), and 28 ZDF (fa/fa) rats were fed with the high-fat diet (45% of calories from fat, 35% from carbohydrate, 20% from protein) (the FH group) from 6 weeks until 12, 18, or 24 weeks of age; the numbers in each experimental group were 8, except the FH group at 12 (n = 9) and 24 (n = 11) weeks of age. The type of fat in each diet was lard. To determine growth and dietary intake, we measured the animal body weight once a week and food intake for 1 week, then calculated an average daily intake. Caloric content of diet was determined based on 3.85 kcal/g for the standard diet and 4.73 kcal/g for the high-fat diet. All animal procedures were approved by the institutional animal care and use committee of the Yamagata University.
Blood and Tissue Collection
After a 12-hour fast with water allowed ad libitum, 8 to 11 rats per group were weighed and then dissected after being sedated by placing them in a 2000-cm 3 glass jar containing an isoflurane-soaked gauze, subsequently anesthetized with an intraperitoneal injection of ketamine (50 mg/kg). All animals underwent laparotomy and total pancreatectomy. We took bodytail pancreatic tissue, because the pancreas head tissue of rodents is lobulated, and interlobular adipose tissue can be confused with peritoneal adipose tissue. Two samples of pancreatic tissue from each group were taken and fixed in 10% formaldehyde at room temperature for histological analysis, and the remaining specimens were frozen at j80-C for measurement of pancreatic tissue fat content. All visible adipose tissue adhering to pancreas samples was thoroughly removed. Blood samples were taken from the inferior vena cava, then centrifuged at 15,000 revolutions/min for separation of the serum, and stored at j80-C until use for several assays.
Blood Biochemical Analysis
Plasma levels of TG, total cholesterol (TCH), NEFAs, and glucose were measured using the TG E test, TCH E test, NEFA C test, and glucose test (Wako Pure Chemical Industries, Osaka, Japan), respectively. Serum amylase and lipase were measured using commercial kits on a Bio Majesty JCA-BM8060 autoanalyzer (Japan Electron Optics Laboratory, Tokyo, Japan). The following levels were determined with commercially available kits: plasma adiponectin levels using an adiponectin enzyme-linked immunosorbent assay (ELISA) kit (Otsuka, Tokyo, Japan), insulin levels using an insulin ELISA kit 010T (Shibayagi, Gunma, Japan), TNF-> levels using a TNF-> ELISA kit (R&D Systems, Minneapolis, Minn), and monocyte chemoattractant protein 1 (MCP-1) levels using an MCP-1 ELISA kit (Thermo Fisher Scientific, Rockford, Ill).
Histological Analysis
Each formalin-fixed and paraffin-embedded specimen was cut into sections 3 Hm thick. Staining was performed with hematoxylin-eosin (H&E) and Masson trichrome (MT) for routine histological observations. For lipid staining with oil red O (Sigma-Aldrich Japan, Tokyo, Japan), each sample of frozen pancreatic tissue was embedded in Optimal Cutting Temperature compound (Sakura Finetec Japan, Tokyo, Japan), then cryosectioning was performed at a temperature of j20-C to yield sections 5 Hm thick, which were taken onto glass slides, and then air dried for 30 minutes. The oil red O solution was prepared as a stock solution (300 mg oil red O in 100 mL 99% isopropanol) before each staining session. A working solution consisting of 40 mL of stock solution diluted with 60 mL of distilled water was filtered to remove any crystallized oil red O. Slides were immersed in the working solution for 10 minutes and rinsed in distilled water, then rinsed for another 10 minutes in running tap water. The slides were counterstained with hematoxylin, then coverslipped using pure glycerol as an organic mounting medium.
Quantitative Image Analysis
Quantitative image analysis of the area of fat accumulation in exocrine pancreatic tissue was performed using an AxioObsever D1 (Carl Zeiss, Jena, Germany) and an AxioVision 4 AutoMeasure (Carl Zeiss) software. Eighty nonoverlapping fields of exocrine glands stained with H&E were randomly selected in each experimental group (n = 8) and examined at an original magnification of Â100. To evaluate exocrine pancreatic fat accumulation accurately, the percentage of fat accumulation area to pancreatic exocrine glands area was calculated. The percentage of the areas of accumulated fat, intralobular adipose cells, and lipid droplets in acinar cells, excluding interlobular adipose tissue and ductal lumina, was calculated using the following equation: total unstained area of fat accumulation / pink-stained area of exocrine glands.
Quantitative evaluation of the percentage of the fibrotic area in exocrine glands of the pancreas was performed using the same method as that for accumulated fat. Twenty-five nonoverlapping fields of exocrine glands stained with MTwere randomly selected in each experimental group (n = 5) and examined at an original magnification of Â100. The area of red-stained exocrine glands, excluding fat and large ductal structures and the area of blue-stained fibrosis were determined using the AutoMeasure. The percentage of the fibrotic area in the exocrine glands of the pancreas was calculated using the equation: blue-stained area of fibrosis / red-stained area of islets or exocrine glands.
Measurement of Pancreatic Tissue Fat Content
Extraction of pancreatic lipid was performed by the method of Folch-Lees and Sloane-Stanley, as described in the previous report. 21 Finally, the tissue lipid was dissolved in isopropyl alcohol, and the TG and NEFA contents of this solution were determined by the enzymatic method using the TG E test and NEFA C test (Wako Pure Chemical Industries), respectively.
Statistical Analysis
All the data are presented as means (SD). The significance of differences between the 2 experimental groups (12, 24 weeks of age) was analyzed using Student unpaired t test and that among 3 experimental groups (LS, FS, FH) using nonYrepeated-measures analysis of variance with Bonferroni correction. All statistical analyses were performed using SAS version 9.2 for Windows (The SAS Institute Japan, Tokyo, Japan). Differences at P G 0.05 were considered significant.
RESULTS
Animal Weight and Daily Food Intake
The FH group fed with the high-fat diet had larger fat pads, particularly epididymal fat, than did the FS group. The liver of the FH group appeared more whitish than that of the FS group (Figs. 1AYD), whereas the appearance of the pancreas showed no evident intergroup difference (Figs. 1E, F).
Weekly food intake in the LS group was constant at about 20 g/rat per day. The FS group showed hyperphagia, and food intake was significantly greater than that in the LS group, whereas the FH group showed lower levels of food intake than did the FS group at all time points, and the amount decreased after 12 weeks until the end of the observation period (Fig. 1G) . The mean body weight at the start of the experiment was at the same baseline in the FS and FH groups, being heavier than that in the LS group. Thereafter, the mean body weight in the LS group showed a continuous increase at all measured time points, and that in the FS group increased gradually up to 12 weeks, then remained steady until the end of the observation period. On the other hand, the mean body weight in the FH group was significantly increased, being about 100 g heavier than in the LS group at all time points (Fig. 1H ).
Effect of a High-Fat Diet on Blood Biochemical Parameters
All blood biochemical data except the data of serum amylase and lipase are shown in Table 1 , and data of individual rats at several weeks are in Supplemental Table, http://links.lww.com/MPA/A290. At 12 weeks of age, the levels of plasma glucose and insulin were significantly higher in the FH group compared with those in the LS group. At 24 weeks, the levels of glucose in the FH group were higher to a similar degree as those at 12 weeks, whereas the levels of insulin tended to be lower than those at 12 weeks. Mostly, the levels of serum TG, TCH, and NEFAs were significantly higher in the FH group relative to the other 2 groups.
The serum levels of the both TNF-> and MCP-1 were higher significantly in the FH group relative to the LS group at 24 weeks of age, and the level of MCP-1 was significantly higher in the FH group than in the FS group. The level of adiponectin was significantly lower in the FH group relative to FIGURE 1. External and abdominal ventral views and weekly food intake and mean body weight of ZDF rats. External view of rats in the FH group (A) shows that they are larger than those in the FS group (B) and that rats in the FH group have larger fat pads, particularly epididymal fat (C), compared with rats in the FS group (D). The liver in the FH group has a more whitish pallor (C) than that in the FS group (D), whereas the appearance of the pancreas shows no obvious intergroup difference (E, F). Arrows indicate the epididymal fat pads; dotted circle area indicates the pancreas. Weekly mean food intake (G) and weekly mean body weight (H). Weekly food intake in the FH group was lower than that in the FS group and decreased from 12 weeks until the end of the observation period (G), whereas mean body weight in the FH group increased significantly, becoming about 100 g heavier than in the LS group at all time points (H). Values are means (SD).
the LS group at 12 and 24 weeks of age. In the FH group, there were significant differences in the levels of these 3 serum cytokines between 12 and 24 weeks of age.
Fat Accumulation In pancreatic Tissue
Examination of H&E-stained sections of the pancreas in the LS group revealed no obvious changes after several weeks ( Fig. 2A) . On the other hand, in the FS group, the number of intralobular adipose cells increased with aging (Figs. 2B, C) . Furthermore, only in the FH group, vacuoles were obvious in acinar cells at 12 weeks of age and were particularly prominent at 18 weeks (Fig. 2D) . These vacuoles were stained by oil red O (Figs. 2G, H) and became subsequently decreased in number at 24 weeks of age (Fig. 2E) .
Quantitative image analysis of fat accumulation demonstrated that the percentage of the total area of fat accumulation relative to exocrine gland area in the FS group increased with aging, although not to a significant degree. While in the FH group, it was higher significantly relative to the other 2 groups at 12 (Fig. 2I ).
Fat Content of Pancreatic Tissue
The TG and NEFA contents of pancreatic tissue are shown in Table 2 .The TG content of the pancreas was higher in the FH group than in the other 2 groups, although the difference was not significant at 18 weeks of age. In both groups of fatty rats, the TG content of the pancreas was significantly increased at 18 weeks and then subsequently decreased at 24 weeks of age. The NEFA content of the pancreas was significantly higher in the FH group at 12 and 24 weeks of age relative to the LS group, but there were no significant differences between the FS and FH groups at several time points.
Fibrosis in Pancreatic Tissue
In MT-stained sections at 12 weeks of age, the structure of the pancreatic tissue was normal, and fibrosis was rarely seen in the islets and interlobular and intralobular tissue. On the other hand, at 24 weeks of age, the area of fibrosis was marked in the FS and FH groups, particularly in the latter (Figs. 3AYF) .
Quantitative image analysis of fibrosis demonstrated that, at 12 weeks of age, there were no marked differences in the percentage of the fibrotic area in acini relative to exocrine glands in each experimental group. Whereas at 24 weeks, the percentage of the fibrotic area in acini had been significantly higher in the FH group in comparison with the LS group (LS: 0.035% [SD, 0.021%], FH: 0.119% [SD, 0.021%], P G 0.01), and with the FS group (FS: 0.071% [SD, 0.018%], FH: 0.119% [SD, 0.021%], P G 0.01). In addition, the percentage of the fibrotic area in acini in the FH group was significantly higher at 24 weeks of age relative to that at 12 weeks (Fig. 3G) . These results showed that, in the FH group, the degree of fibrosis in acini was markedly greater than that in the other 2 groups. Another common feature in the FH group was acinar cell atrophy, and a few lymphocytes were observed in perivascular areas and interlobular and intralobular spaces by H&E staining.
Effect of a High-Fat Diet on Serum Amylase and Lipase
The data of serum amylase and lipase are shown in Table 3 . The levels of serum amylase were significantly higher in the FH group compared with the LS and FS groups at several weeks of age. At 24 weeks of age, the serum amylase levels of the FH group were significantly higher than those of the other 2 groups. With regard to serum lipase, the data mostly paralleled those for amylase.
DISCUSSION
As the primary objective of our present study was to clarify the changes induced upon exposure of obese and T2DM model rats to a chronic high-fat diet, we selected ZDF rats as a representative experimental animal model of obesity and T2DM. We designated the LS group as a control, and the FS group as one having a hereditary predispositionVdeficiency of the leptin receptor geneVresulting in obesity and T2DM. The FH group was considered to represent a situation in which a hereditary predisposition was exacerbated by chronic intake of a high-fat diet (45% of calories from fat). Many studies have investigated the effects of high-fat diets on animals without hereditary disorders, and it has been concluded that intake of such diets causes obesity and impaired glucose tolerance. 15, 18 ,22Y25 Therefore, we considered that this represented a general consensus and consequently focused on the effects of a high-fat diet on lean rats.
Adipose tissue secretes numerous factors, namely, adipocytokines, known to markedly influence lipid and glucose/insulin metabolism, oxidative stress. 26 Adiponectin and leptin are representative adipocytokines, the former having an anti-inflammatory function and playing an apparent role in the regulation of energy balance and peripheral tissue lipid metabolism. 27 Leptin, on the other Furthermore, lipid droplets were obvious in acinar cells in the FH group at 18 weeks of age (D), but had subsequently decreased by 24 weeks of age (E). Oil red O staining revealed no changes in the LS group (F: at 18 weeks), whereas vacuoles in acinar cells were stained in the FH group (G, H: at 18 weeks). Original magnification: AYD, F, G: Â100, E, H: Â200, I: Â400. The percentage area of total fat accumulation relative to exocrine gland area in the FH group was increased relative to the other 2 groups at 12 and 18 weeks of age and was decreased at 24 weeks (I). Ten nonoverlapping exocrine gland fields stained with H&E were randomly selected in each experimental group (n = 8) and examined at an original magnification of Â100. Values are means (SD). hand, is almost exclusively expressed and produced by white adipose tissue, 28 regulating body weight and modulating insulin activity and sensitivity. 29 Leptin also has an important hormonal role in the feedback regulation of lipogenesis, and any insufficiency of this function results in excessive production and reduced utilization of lipid. 30 Under such conditions, any excessive ingested lipid appears to be underutilized and stored as excessive TG in adipose tissue. Consequently, the gain in body weight of ZDF rats might be dependent on the amount of fat ingested. This is considered to explain why body weight in the FH group at 24 weeks was higher, despite the fact that their calorie intake was about 50% less than that in the FS group.
We showed that the percentage area of total fat accumulation relative to the area of the exocrine pancreas was significantly larger in the FH group than in the other 2 groups. Also in the FH group, oil red O staining demonstrated marked deposition of lipid droplets in acinar cells at 18 weeks of age. Similarly, a previous study using immunolabeling for adipose differentiation-related protein had identified lipid droplets in acinar cells of mice fed a high-fat diet, 31 and another study using electron microscopy had identified the location of lipid droplets in acinar cells of ZDF rats fed a standard diet. 32 The present study is the first to have analyzed the area of fat accumulation in the exocrine pancreas quantitatively and to have revealed that this histological change is prominent at 18 weeks of age and subsequently decreases by 24 weeks.
We found that the TG content of pancreatic tissue increased in the FH group at 18 weeks of age and decreased at 24 weeks. This reflected the results of histological observations and quantitative image analysis, which showed that the percentage area of total fat accumulation and lipid droplets in acinar cells were maximally increased and then subsequently decreased at the same time points.
While nonalcoholic steatohepatitis (NASH) is one of the most important diseases associated with MS, 33, 34 recent studies of the relationship between nonalcoholic fatty liver disease, a precursor of NASH, 35 and ''pancreatic steatosis'' in humans have indicated that nonalcoholic fatty liver disease and pancreatic steatosis are related and that this relationship is mediated by obesity. 36 It is known that hepatic TG diminishes with the progression of NASH, a condition that has been designated ''burnedout NASH,'' 37 and the present histological observations appeared similar to those occurring in NASH. Although a previous study has clarified that down-regulation of sterol regulatory elementbinding protein 1c and lipogenic enzymes may be associated with the development of burned-out NASH, 38 the mechanism has remained unclear.
One previous study showed that the pancreatic contents of TG and NEFAs were increased in congenitally obese mice (leptindeficient mice, Lepob; hyperleptinemic mice, Lepdb), and it was concluded that increased NEFAs might play a significant role in exacerbating the local proinflammatory milieu, 28 in agreement with previous studies. 23, 39, 40 We also found that the pancreatic NEFA content was increased in the FH group relative to the LS group. However, the levels of serum MCP-1 and NEFAs in the FH group were lower than those observed in an animal model of acute pancreatitis 41, 42 and also in our study in the absence of acute pancreatitis histology. In relation to these observations, we assume that ''chronic and low-grade inflammation'' might occur in pancreatic tissue against a background of MS. Future studies seem warranted to clarify whether localized pancreatic inflammation, or a change in the energy and lipid metabolism of pancreatic acinar cells, 29, 43, 44 might contribute to the marked reduction of fat accumulation in acinar cells we observed between 18 and 24 weeks.
It is known that pancreatic stellate cells (PSCs) are activated by ethanol and its metabolites, and also by cytokines and oxidant stress, in the process of pancreatic fibrosis. 45 Only a few detailed studies of pancreatic fibrosis using obesity models or high-fatYfed animals have been reported. 46, 47 Although those studies demonstrated a relationship between pancreatic fibrosis and obesity and a high-fat diet, they did not address the issue of fatty change in the pancreas.
Using MT staining and quantitative image analysis, the present study showed that pancreatic fibrosis was increased by intake of a high-fat diet. Although we did not examine the process of PSC activation, our present results suggest that pancreatic fibrosis in ZDF rats occurs in a background of obesity and T2DM and that these changes seem to be increased by chronic intake of a high-fat diet. Moreover, it was shown that at 24 weeks of age, pancreatic fibrosis was significantly increased in the FH group, whereas fat accumulation appeared to be decreased.
A number of studies have already addressed the relationships between inflammation and pancreatic fat accumulation or fibrosis in animal models of obesity or diabetes. 9, 46 However, no previous study of either animal models or human patients has evaluated the histological changes that occur during the transition from pancreatic fat accumulation to fibrosis. In the only study to have used acinar cells isolated from Wistar rats, very low-density lipoprotein was shown to induce acinar cell injury in the absence of alcohol, with subsequent PSC proliferation and synthesis of extracellular matrix. 45 In the present study, temporal histological changes in the pancreatic tissue of ZDF rats were evaluated for the first time, and it was found that fat accumulation in acinar cells and subsequent pancreatic fibrosis appeared to increase upon chronic exposure to a high-fat diet. The serum levels of amylase and lipase were higher in the FH group relative to the LS and FS groups. Recently, 1 study using comparative proteomic analysis of pancreatic tissue obtained from hyperlipidemic rats to identify proteins that may mediate hyperlipidemia-associated pancreatic injury has suggested that >-amylase may be a putative biomarker of hyperlipidemiamediated pancreatic injury. 20 Therefore, our present observations might reflect the possibility that, in a background of obesity, hyperlipidemia, and T2DM, increased activity of exocrine pancreatic enzymes in serum reflects the presence of acinar cell injury.
In humans, it has been reported that pancreatic lipomatosis evident in autopsy material increases with aging and obesity 14, 48 and that fibrosis increases with aging 49, 50 and also with obesity and pancreatitis. 51 Several recent studies have quantified the fat content of pancreatic tissue using magnetic resonance spectroscopy (MRS), a noninvasive method for quantification of organic compounds in various tissues. The results have suggested that the pancreatic lipid content may contribute to the dysfunction of A cells and possibly to the onset and subsequent development of T2DM. 52, 53 Moreover, nuclear MRS-based metabolomics analysis has demonstrated an excellent correlation between the results of thin-layer and gas chromatography and total fat in mice. 54 Therefore, this new MRS strategy for evaluating the fat content of the human pancreas should be fully utilized to shed more light on the fibrosis and acinar cell injury caused by a fatty pancreas.
In conclusion, the present study has demonstrated that intralobular fat accumulation in exocrine pancreatic tissue and lipid droplets in acinar cells are increased in ZDF rats under chronic intake of a high-fat diet and that these conditions appear to lead to acinar cell injury and fibrosis. As the incidence of obesity and T2DM in the human population is growing rapidly, further clinical and experimental studies of the interrelationships among diabetes, MS, and pancreatic injury should be encouraged to elucidate the pathogenesis of ''nonalcoholic fatty pancreatic disease.''
